. Coding regions were amplified by reverse transcriptase polymerase chain reaction (RT-PCR) from total RNA prepared from human cell lines with oligonucleotides derived from the following sequences (GenBank accession number): HPH-1 ( XM_012332), HPH-2 (AF229245), HPH-3 (BC001723), candidate A (NM_017732), candidate B (AK022130), candidate C (AK001580), and candidate D (AK023553). A splice variant of HPH-2 was used in which residues 76 to 177 were omitted. Point mutations in HPH-1 were generated by PCR. Each cDNA was cloned into the pcDNA3.1/V5-HIS vector (Invitrogen) in frame with the COOH-terminal V5-HIS tag. 19 . Candidate polypeptides were synthesized with the TNT Coupled Reticulocyte Lysate System (Promega) for 1 hour at 30°C. Expression of each gene product was confirmed by Western blot analysis with an antibody specific for the COOH-terminal V5 tag. 12.5 l of each in vitro transcription/translation reaction was incubated for 30 min at 30°C in a reaction buffer containing 20 mM tris-Cl ( pH 7.5), 5 mM KCl, 1.5 mM MgCl 2 , 1 mM dithiothreitol, 2 mM 2-oxoglutarate, 2 mM ascorbate, and 250 M FeSO 4 in the presence of 30 l of ImmunoPure Immobilized Streptavidin beads that had previously been incubated with 1 g of peptide for 30 min at room temperature and washed three times to remove excess peptide. After incubation, the beads were washed three times with 1 ml of cold NTEN buffer [20 Microtubules are dynamically unstable polymers that interconvert stochastically between polymerization and depolymerization. Compared with microtubules assembled from purified tubulin, microtubules in a physiological environment polymerize faster and transit more frequently between polymerization and depolymerization. These dynamic properties are essential for the functions of the microtubule cytoskeleton during diverse cellular processes. Here, we have reconstituted the essential features of physiological microtubule dynamics by mixing three purified components: tubulin; a microtubule-stabilizing protein, XMAP215; and a microtubule-destabilizing kinesin, XKCM1. This represents an essential first step in the reconstitution of complex microtubule dynamics-dependent processes, such as chromosome segregation, from purified components.
Microtubules polymerize and depolymerize by the addition and loss of ␣␤-tubulin dimer subunits from their ends (1). Polymerizing and depolymerizing microtubules coexist and infrequently interconvert between these two states, a behavior known as dynamic instability (2) . The transition of a polymerizing microtubule to a depolymerizing state is referred to as a catastrophe, and the converse transition is referred to as a rescue (3). Microtubules exhibit dynamic instability when assembled from purified tubulin (3, 4) and in a physiological cytoplasmic environment (5-10), but there are notable differences between the two. In a physiological environment, microtubules polymerize about fourfold faster than a similar concentration of purified tubulin. At the polymerization rates observed in physiological conditions, purified tubulin has a near-zero rate of catastrophe. In contrast, microtubules in cells and in cytoplasmic extracts have a high catastrophe rate despite their high polymerization rate. Clues to the dynamic behavior of microtubules in physiological conditions have come from the identification of proteins that modulate microtubule dynamics. Microtubule-associated proteins (MAPs) increase the polymerization rate of microtubules, whereas destabilizing proteins increase the rate of catastrophe. In Xenopus egg extracts, the dominant stabilizing MAP appears to be XMAP215, a member of an evolutionary conserved protein family (11, 12) . Depleting XMAP215 prevents microtubule growth, whereas depletion of other MAPs has so far had little effect (12, 13) . The dominant catastrophe factor in Xenopus extracts is XKCM1 (14, 15) , a member of the KinI subfamily of kinesins (16) . Depletion of XKCM1 markedly stabilizes microtubules, whereas depletion of other catastrophe factors have to date had more modest effects (14, 17) .
Depletion experiments suggest that these two factors oppose each other to determine the stability of the microtubule lattice in Xenopus extracts. Depletion of XMAP215 destabilizes microtubules, and subsequent inhibition of XKCM1 causes the microtubules in XMAP215-depleted extracts to become stable again (12) . These results suggest that the coordinate action of only these two proteins on tubulin may explain why microtubules in cells can both polymerize rapidly and exhibit high catastrophe rates. We tested this hypothesis by combining these two factors with purified tubulin in vitro and examining the behavior of microtubules. We first produced full-length recombinant His 6 -tagged XMAP215 and XKCM1 (18) . As expected, XKCM1 reduced microtubule length whereas XMAP215 increased microtubule length (Fig. 1) (15, 18-20) . However, when added together, XMAP215 opposed the ability of XKCM1 to decrease the average length of microtubules (Fig. 1)  (18) . Therefore, we conclude that the relative activities of XMAP215 and XKCM1 can determine the steady-state length of microtubules assembled from purified tubulin in the absence of other factors.
In Xenopus extracts, XMAP215 suppresses the ability of XKCM1 to induce microtubule catastrophe (12) . To test if this suppression can be observed with purified proteins, we set up a real-time assay in which the behavior of individual microtubules was monitored by video-enhanced differential interference contrast (VE-DIC) microscopy (21). Briefly, purified centrosomes were adsorbed to the surface of a perfusion chamber, and tubulin was perfused into the chamber and allowed to polymerize (18) . Different combinations of factors with tubulin were then perfused into the chamber, and the number of microtubules transiting from polymerization to depolymerization after perfusion was quantified (18) . After perfusion of 150 nM XKCM1 together with tubulin, 60 to 70% of the microtubules transited to depolymerization (Fig. 2) . Adding XMAP215 together with 150 nM XKCM1 and tubulin suppressed the number of microtubules transiting to depolymerization in an XMAP215 concentration-dependent manner (Fig. 2 ). This result with three purified components leads us to conclude that the suppression of XKCM1-induced catastrophes by XMAP215 in cytoplasmic extracts is a direct consequence of the action of these two proteins at microtubule ends.
The above results suggested that potentially a steady-state mixture of tubulin, XMAP215, and XKCM1 could reconstitute the two characteristic physiological features of dynamic instability: rapid polymerization and high catastrophe rates (Table 1) . To explore this idea, we developed conditions in which the dynamic behavior of these microtubules could be directly observed by DIC microscopy (22). The concentrations of these proteins in Xenopus extracts have been estimated to be 25 M (tubulin) (23), 60 nM (XKCM1) (14) , and 0.6 M (XMAP215) (12) . Using a mixture of 25 M tubulin, 0.2 M XKCM1, and 0.8 M XMAP215, we were able to reconstitute physiological parameters of dynamic instability (18 cal aster growing under these conditions is shown in Fig. 3 . Quantification of microtubule dynamics revealed that this simple threecomponent mixture recapitulated the essential features of physiological microtubule dynamic instability (Table 1) .
Why does the three-component mixture reconstitute physiological dynamic instability? XMAP215 alone accounts for the observed fast polymerization rate, whereas XKCM1 alone prevents any assembly of microtubules, presumably as a consequence of inducing a catastrophe rate that is too high (Table 1) (18) . In the three-component mixture, XMAP215 must partially suppress the catastrophe-promoting activity of XKCM1 in order to generate the combination of fast polymerization and high catastrophe rates. This partial suppression of XKCM1-induced catastrophes by XMAP215 (Fig. 2) without influencing the polymerization rate (Table 1) is central to understanding why the threecomponent mixture reconstitutes the combination of fast polymerization and high catastrophe rates.
Taken together with the results in Xenopus extracts (12, 14) , we believe that the essential features of dynamic instability in Xenopus egg extracts are derived from the sole action of these two factors on tubulin. These factors are conserved from yeast through mammals (24) (25) (26) (27) (28) (29) (30) (31) , and at least in Saccharomyces cerevisiae, orthologous factors oppose each other in the control of microtubule length in vivo (31) . Thus, this three-component system may represent a conserved module that generates the characteristic behavior of physiological microtubules. The simple mixture we describe here will serve as a starting point for analyzing the effect of other microtubule regulators, such as XMAP230 and Op18 (13, 17) , in a reconstruction-type approach. Furthermore, it represents an important step in the pursuit of the eventual reconstitution of complex dynamic microtubule assemblies, such as the mitotic spindle, from purified components. 5Ј-triphosphate (ATP), 100 mM KCl, and 1 mM dithiothreitol (DT T). Samples were incubated at 37°C for 5 min, fixed with 0.5% glutaraldehyde, and squashed under cover slips. 21. An Olympus VE-DIC equipped with Plan Apo 60ϫ/ 1.4 numerical aperture DIC lens and Hamamatsu 2400 newvicon video camera was used. Images were enhanced with an Argus 20 (Hamamatsu). Centrosomes were first perfused into perfusion chamber on ice. Perfusion chamber surfaces were blocked by incubation with 5 mg/ml casein in BRB80 and washed with 0.5% NP-40 in BRB80. Microtubule assembly was initiated by perfusion of 33 M tubulin in BRB80 containing 1 mM GTP, 1.5 mM ATP, 100 mM KCl, 1 mM DT T, and 0.5 mg/ml casein. Subsequently, tubulin with purified proteins or control buffer was perfused, and the fate of microtubules was monitored. 22. Modified from the perfusion assay described in (21).
After absorption of centrosomes, blocking with casein, and washing with NP-40, 25 M tubulin with purified proteins or control buffer in BRB80 containing 1 mM GTP, 1.5 mM ATP, 60 mM KCl, 1 mM DT T, 0.5% NP-40, and 0.5 mg/ml casein were perfused into the chamber on ice. The perfusion chamber was warmed to 30°C and sealed. Recording was performed at 30°C every 1 s for 10 min. Analysis of microtubule dynamics was done as described (10) . Catastrophe frequency was calculated by dividing the total number of events by the duration of growth and pause phases.
To gain insights into the molecular basis for metastasis, we compared the global gene expression profile of metastatic colorectal cancer with that of primary cancers, benign colorectal tumors, and normal colorectal epithelium. Among the genes identified, the PRL-3 protein tyrosine phosphatase gene was of particular interest. It was expressed at high levels in each of 18 cancer metastases studied but at lower levels in nonmetastatic tumors and normal colorectal epithelium. In 3 of 12 metastases examined, multiple copies of the PRL-3 gene were found within a small amplicon located at chromosome 8q24.3. These data suggest that the PRL-3 gene is important for colorectal cancer metastasis and provide a new therapeutic target for these intractable lesions.
Metastasis is the neoplastic process responsible for most deaths from cancer because the primary tumors can usually be surgically removed. Metastatic cells undergo cytoskeletal changes, loss of adhesion, and enhanced motility and express proteolytic enzymes that degrade the basement membrane (1-3). However, much remains to be learned about this lethal process, and further progress is contingent upon identifying novel genes and pathways that are consistently and specifically altered in metastatic lesions. In the case of colorectal tumorigenesis, the genes associated with initiation and progression to the invasive (cancerous) stage are well known (4). However, no gene has been shown to be consistently and specifically activated in liver metastases, the lesions that are usually responsible for the deaths of colorectal cancer patients. To learn which genes might be involved in this process, we performed global gene expression profiles of liver metastases using serial analysis of gene expression (SAGE) technology (5) . We first prepared a SAGE library from microdissected metastases (6) . Surprisingly, we found that many of the transcripts identified in these libraries were characteristic of normal hepatic or inflammatory cells, precluding quantitative analysis (7) . To produce a more specific profile of metastatic epithelial cells, we developed an immunoaffinity fractionation procedure to purify colorectal epithelial cells from contaminating stromal and hepatic cells (8) . A SAGE library was prepared from cells purified in this manner, yielding ϳ95,000 tags representing at least 17,324 transcripts (6) . These tags were compared with ϳ4 million tags derived from diverse SAGE libraries, particularly those from normal and malignant (but nonmetastatic) colorectal epithelium (9) . One hundred and forty-four transcripts were represented at significantly higher levels in the metastasis library than in the other libraries, while 79 transcripts were (8) and compared with that of the ␤-amyloid precursor protein (APP) gene, shown previously to be expressed at nearly identical levels in normal and neoplastic colorectal tissues (9) . The metastases analyzed in this experiment were derived from patients other than the ones from whom the normal epithelium and other lesions were derived. Epithelial cells were purified as described (8) . (A) Gel of RT-PCR products from normal colorectal epithelium (N1 to N3), adenomas (A1 to A3), primary cancers (C1 to C3), and metastases (M1 to M3). Real-time PCR was performed for 24 cycles, when RT-PCR products from the metastases were evident but before signals from the other lesions had appeared. Arrow indicates the PRL-3 RT-PCR product of 198 bp. Lane M, molecular size markers. (B) Results are expressed as the ratio between PRL-3 and APP expression and are normalized to the average expression in adenomas. Duplicates are shown for each analysis.
